Abstract: The alloys of Ti and Mg are added in molten carbon structural steel in sequence to reveal their influence on features of inclusion and microstructure. Compared with non-treated steel, it is found that they leads to the formation of Ti-Mg-O inclusion and reduction in portion of pure MnS. Experimental results indicate that average inclusion size in treated steel significantly decreases and its number per unit volume increases by 48 %. Moreover, the margin mole ratio of Mg/Ti in all Ti-Mg-O inclusions is larger than 2, which hints they are more complex than single assumption of MgTi 2 O 4 . After etching, intragranular acicular ferrite (IAF) microstructure is observed. EDS line analysis suggests that Mn-depletion zone exists in steel matrix, which is proposed to explain the IAF nucleation effect induced by Ti-Mg-O inclusions. Through comparison with only Mg-treated sample, the refinement of inclusion and increase in portion of pure MnS due to Ti adding are revealed.
Introduction
In traditional viewpoint, nonmetallic oxides are harmful to steel because of their high melting point and hardness [1] . These negative effects can be reduced by removal and modification. However, in 1990, the positive effect of fine oxide is proposed since they can act as heterogeneous nucleation sites of intragranular acicular ferrite (IAF) during transformation from austenite to ferrite [2] [3] [4] . This leads to the enhancement of both strength and ductility. Due to the perspective prospect, this technology, which is named as oxide metallurgy, has been the focus of metallurgical research.
Among different kinds of non-metallic inclusions [5, 6] , which have been utilized in oxide metallurgy, Ti-bearing oxide has attracted considerable attention. Though its exact mechanism of inducing IAF nucleation is still in discussion, four hypotheses have been proposed, which are summarized below. First, inclusion can act as simple heterogeneous nucleation site, and this would reduce the nucleation energy of IAF [7] . Second, inclusion has a good coherency with ferrite due to the small lattice disregistry between them. This would reduce nucleation free energy barrier for ferrite nucleation [8] . Third, the difference in thermal coefficients between austenite matrix and inclusions leads to stain energy, which is helpful to induce IAF nucleation [9] . Fourth, nucleation phenomenon is assisted by solute depletion in steel matrix, where is adjacent to inclusions. Among them, Mn-depletion zone (MDZ) has been wide accepted though the direct evidence has not been obtained yet [10] [11] [12] .
Recently, besides Ti-contained oxide, Ti-Mg complex inclusions have attracted much attention. According to the Chai's results [13] , the complex treatment of Ti-Mg can refine inclusion, and make size range of inclusion more favorable to induce IAF nucleation. However, the complexity of inclusion leads to two questions. First, how each element distributes in Ti-Mg-O inclusion. Second, whether the mechanism of Ti-Mg-O on IAF nucleation is as same as that of Ti oxide. These two questions are the key to clarify the role of Ti-Mg-O inclusion in oxide metallurgy. Thus, more experimental and theoretical tools are needed.
In recent years, line scanning and area mapping functions of Energy Dispersive Spectrometer are applied to clarify the nature of inclusions [14, 15] . On the one hand, they can clearly character the distribution of each element in inclusion to clarify its complexity. On the other hand, they can qualitatively describe the evolution of Mn content in steel matrix around inclusion. These features are helpful to gain more insight into the oxide's nucleation effect for IAF. In 2015, Song Bo has applied line scanning of EDS in Ti-Mg-O oxides [16] . However, these oxides are observed on metallographic sample, not etched sample. So the relationship between MDZ and inducing nucleation effect of IAF is still unclear. Moreover, the origin of MDZ is not discussed in their paper. Thus, the objective of this paper is to elucidate the nucleation effects of Ti-Mg-O inclusions in Ti-Mg treated carbon structural steel.
Experimental procedure
The experiment is carried out in a high-heat tube-type resistance furnace (KSY-10-18). Commercial 20MnSi (about 1,200 g) were charged into an alumina crucible. After preheating, the charged alumina crucible was lowered into the hot zone of resistance furnace with a graphite outer crucible. The furnace temperature was maintained at 1,873 K. When melting was done, three steps have been taken. First, appropriate amount of Titanium alloy (Ti: 34 %, mass percentage) was added into the molten steel. Second, after being held for 10 min at 1,873 K, appropriate amount of Mg alloy (Mg: 34 %, mass percentage) was added. Third, after being held for 10 min at 1,873 K, the crucible was taken out. After solidification, the sample is quenched into water, which is named as sample 1. Moreover, to clarify the influence of alloys adding on inclusion and microstructure, two comparison samples were prepared. The first is without Ti and Mg treated, which is named as comparison sample A. The second is treated only with Mg, which is named as comparison sample B. The composition of all samples is shown in Table 1 .
The morphology and composition of inclusion are characterized by the Scanning Electron Microscope (JSM-6510LV) and Energy Dispersive Spectrometer (EDS INCA Feature X-Max 20). The composition of selected inclusion was measured by EDS analysis with full ZAF corrections. To conduct further detailed analysis, line scanning and area mapping functions of EDS are applied to reveal the distribution of each element in inclusion. The sample was polished carefully and etched in 3 Vol% Nital solution for microstructure observation, which was performed by optical and scanning electron microscopes.
Results and discussion
Based on SEM-EDS mapping analysis, the typical figures of complex inclusion are shown in Figure 1 And for Ti-Mg treated sample, it can be seen that element of sulfur congregates at the inclusions margin, which is accepted as MnS precipitation. Since element of Manganese exists in entire inclusion, only congregation of sulfur in inclusions margin is observed. As for element of Ti, it's clear that its content is higher in the inclusion margin than that in core. The contrary tendency is found for elements of Mg and Al. This can be explained by the fact that the affiliation between Al/Mg and O is much stronger than that between Ti and O. Thus, Ti element has little chance to reaction with oxygen at the initial stage of inclusion formation.
From previous studies, it's known that Mg-Ti oxide can form MgTi 2 O 4 [17] . However in inclusions for Ti-Mg treated steel (sample 1), the mole ratio of Mg/Ti is much larger than ideal value (0.5 for MgTi 2 O 4 ), and varies in a wide range. To character this distribution, each mole ratio of Mg/Ti for 50 Mg-Ti-O inclusions in margin is analyzed through EDS spot function. The distribution of mole ratio (Mg/Ti) is shown in Figure 2 . It is found that the ratio for all inclusions is larger than 2, and this value is larger than 5 for 57 % of inclusions. This hints that MgTi-O inclusions are more complex than single assumption of MgTi 2 O 4 .
To reveal the influence of Ti and Mg alloys on inclusion, comparison between Ti-Mg treated steel (sample 1) and non-treated steel (comparison sample A) is carried out, and main differences are shown below. First, from the view of composition, the main type of oxide is changed from Mn-Si-Al-O to Ti-Mg-Mn-Si-Al-O. The percentage of pure MnS in inclusion is reduced from 71 % to 32 %. Second, from the view of size, the average size of inclusion is reduced from 4.27 μm to 2.64 μm, and the corresponding number of inclusion per unit volume is increased from 8. . The detailed discussions are described in our previous paper [18] . Figure 3 (a)-(c) shows the sample's optical microstructure after etching in 3 Vol% Nital solution. From an overall aspect, its feature is interlocking appearance, which is similar to the typical microstructure with IAF in Ti-contained steel [19] , and totally different with that in comparison sample A (shown in Figure 3(d) ). The details show that these IAF are located among the prior austenite grain boundaries, and formed independently at large angles boundaries to each other. Figure 3 (c) clearly shows these IAF plates initiates from a dark spot, which is intuitively attributed to the inclusion.
However, due to the lack of composition analysis in optical microscope, composition of this dark spot can't be confirmed. So the etched sample is further characterized by SEM and EDS. From Figure 4 (a), it is found that several IAF plates emanate from a single inclusion. EDS mapping analysis indicates this inclusion is Ti-Mg-O, which confirms that this kind of inclusion can induce the formation of IAF. This is the feature of inclusions, which can be utilized in oxide metallurgy. However, its mechanism needs further clarified.
Though different theories have been proposed to explain the function of inclusions on nucleation effect of IAF, the MDZ mechanism has been widely accepted [10] [11] [12] . This hypothesis is first put forward in Ti 2 O 3 , and based on two assumptions. The first is the existence of cation vacancies in Ti-contained inclusions. The second is the similar effective ionic radius between Mn (sixcoordinated Mn 3 + : 0.0645 nm for high-spin state) and Ti (six-coordinated Ti 3 + : 0.067 nm) [20] . Thus, Ti-contained inclusions can absorb neighboring Mn atoms from Fe matrix, which results in a manganese-depleted zone in steel matrix around inclusion. Due to the fact that Mn can stabilize austenite, this MDZ will lower the stability of austenite, and correspondingly promote the IAF nucleation.
To verify whether the MDZ mechanism is still effective in Ti-Mg-O inclusion, EDS line analysis was applied to the same inclusion in Figure 4 . These results are present in Figure 5 . Due to the limitation of accuracy, the data only qualitatively represents evolution of Mn content, and the curve is not smooth. This line clearly indicates that the content of Mn shows a valley in steel matrix around inclusion. The distance from minimum of Mn content to the boundary of inclusion is about 0.4 μm. This phenomenon and distance are both consistent with earlier studies through EDS line analysis, such as about 0.6 μm in Rare earth-contained inclusions [14] , and 0.4 μm in Mg-Al-O inclusions [15] . In both papers, this observation is utilized to confirm the existence of MDZ. Thus, the similar conclusion may be drawn in our sample. Though this evidence is not decisive, it is still helpful to clarify the mechanism of Ti-Mg-O inclusion in oxide metallurgy.
Then a question is raised: why Ti-Mg-O inclusions can also induce the MDZ. To answer this question, the inclusion As for MgAl 2 O 4 , its induced nucleation effect has been studied in our previous paper [15] , and MDZ mechanism has been well explained due to the following two reasons. On the one hand, magnesium vacancy is one of the intrinsic defects in MgAl 2 O 4 [22] . Moreover, the effective ionic radius of Mg (four-coordinated Mg 2 + : 0.057 nm) is similar to that of Mn (four-coordinated Mn 2 + : 0.066 nm for high-spin state) [20] .
On the other hand, the Mn-doping on Mg site in MgAl 2 O 4 has been well studied, and the doping concentration is high to 50 %, such as Mg 0.5 Mn 0.5 Al 2 O 4 [23] . Based on theoretical and experimental results, a conclusion may be drawn that the absorption of Mn by MgAl 2 O 4 is feasible and reasonable, which results in MDZ in steel matrix around them.
As for Ti-contained oxides, according to previous studies, Ti 2 O 3 or MgTi 2 O 4 can be formed in Ti-Mg-O system. Considering the coexistence of other elements and complexity of inclusion, the exact form of Ti-contained oxides is unclear. If it exists as Ti 2 O 3 , the MDZ mechanism can be well explained based on previous studies [10] [11] [12] . If it exists as MgTi 2 O 4 , though its feature is less studied, its potential to absorb Mn is still expectant. It's known that the crystal structure of MgTi 2 O 4 is spinel, which is similar to that of MgAl 2 O 4 . The feature of this structure is that Mg ions occupy the tetrahedral sites, and Al/Ti ions occupy the octahedral site. Similar structure hints that that magnesium vacancy may be also one of the intrinsic defects in MgTi 2 O 4 . Furthermore, considering the facts that tetrahedral sites can accommodate Mg ion and only one eighth of them is occupied, the remainder empty tetrahedral sites may accommodate ions, such as Mn 2 + , whose size is similar to Mg 2 + . These two sides may lead to the existence of MDZ.
Though the formation mechanism of MDZ can be well explained by inclusion composition, the effect of element Ti on Ti-Mg-O inclusion should be further clarified. So comparison sample B with only Mg treatment was prepared, whose composition is shown in Table 1 . Its induced nucleation effect has been well studied in our previous paper [15] . Three differences can be seen from analysis.
First, the inclusion composition changes from Mg-Al-O to Ti-Mg-Al-O. Second, the size distribution of inclusion is a little different, which is shown in Figure 6 . It can be seen that Ti adding makes Mg-contained inclusion smaller. The previous studies have indicated that Mg adding that can refine Ti-contained inclusions [13] . Our results show the reverse process is still effective. It should be mentioned that inclusion size is not only related with the content of each element but also influenced by cooling rate. Moreover, SEM only reflects on the 2D image of inclusion. Thus, more precise and systematic studies are needed to clarify the effect of element Ti on inclusion size. Third, the percentage of pure MnS in inclusion is reduced from 48 % in comparison sample B to 32 % in TiMg treated sample. Our studies have indicated that different kinds of inclusion, which can induce IAF nucleation, such as Ti-Al-O [24] , Mg-Al-O [15] , Ti-Mg-Al-O, are all surrounded by MnS. This means MnS precipitation is strongly related with nucleation phenomenon. However, since MnS precipitation occurs at the molten steel solidification and IAF nucleation phenomenon happens from austenite to ferrite, the exact relationship between them is still under discussion. This needs great amount of work, which we will do in the future.
Conclusion
The features of inclusion and microstructure for carbon structural steel containing Mg-Ti-O inclusions were studied through SEM and EDS. Compared with non-treated steel, the average size of inclusions in treated steel significantly decreases, inclusion number per unit volume increases by 48 %, and portion of pure MnS decreases from 72 % to 32 %. Moreover, the margin mole ratio of Mg/Ti in all TiMg-O inclusions is larger than 2. This suggests that single assumption of MgTi 2 O 4 can't account for the inclusion complexity. After etching, the IAF microstructure induced by Ti-Mg-O inclusions is found. EDS line analysis hints the existence of Mn-depletion zone in steel matrix around complex inclusion. This is proposed to explain the IAF nucleation effect induced by Ti-Mg-O inclusions, and interpreted by the inclusion composition. Through comparison with only Mg-treated sample, it is found that the Ti adding leads to the refinement of inclusion size and incensement in portion of pure MnS.
